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Mesenchymal stem cells reciprocally regulate the 
M1/M2 balance in mouse bone marrow-derived 
macrophages 

Dong-Im Cho\ Mi Ra Kim\ Hye-yun Jeong\ Hae Chang Jeong^, Myung Ho Jeong^'^, Sung Ho Yoon^, 
Yong Sook Kim^'^ and Youngkeun Ahn^'^ 

Mesenchymal stem cells (MSCs) have been widely studied for their applications in stem cell-based regeneration. During 
myocardial infarction (Ml), infiltrated macrophages have pivotal roles in inflammation, angiogenesis and cardiac remodeling. We 
hypothesized that MSCs may modulate the immunologic environment to accelerate regeneration. This study was designed to 
assess the functional relationship between the macrophage phenotype and MSCs. MSCs isolated from bone marrow and bone 
marrow-derived macrophages (BMDMs) underwent differentiation induced by macrophage colony-stimulating factor. To 
determine the macrophage phenotype, classical Ml markers and alternative M2 markers were analyzed with or without co- 
culturing with MSCs in a transwell system. For animal studies. Ml was induced by the ligation of the rat coronary artery. MSCs 
were injected within the infarct myocardium, and we analyzed the phenotype of the infiltrated macrophages by immunostaining. 
In the MSC-injected myocardium, the macrophages adjacent to the MSCs showed strong expression of arginase-1 (Argl), an 
M2 marker. In BMDMs co-cultured with MSCs, the Ml markers such as interleukin-6 (IL-6), IL-ip, monocyte chemoattractant 
protein-1 and inducible nitric oxide synthase (iNOS) were significantly reduced. In contrast, the M2 markers such as IL-IO, 
IL-4, CD206 and Argl were markedly increased by co-culturing with MSCs. Specifically, the ratio of iNOS to Argl in BMDMs 
was notably downregulated by co-culturing with MSCs. These results suggest that the preferential shift of the macrophage 
phenotype from Ml to M2 may be related to the immune-modulating characteristics of MSCs that contribute to cardiac repair. 
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INTRODUCTION 

Despite the rapid progress in therapeutic development, 
ischemic heart disease remains a leading cause of mortality. 
Mesenchymal stem cells (MSCs) are stromal cells with cardiac 
regenerative properties that have been demonstrated to reverse 
cardiac dysfunction and enhance angiogenesis in damaged 
heart tissue. In addition to their transdifferential capacity 
MSCs possess the immunomodulatory capacity to inhibit 
lymphocyte proliferation, induce regulatory T cells and 
regulate the differentiation of dendritic cells. Recently, several 
studies demonstrated that functional interactions occur 
between MSCs and macrophages.^"^ In recent years, it has 
become clear that MSCs also regulate the function of 
macrophages. Co-culturing with MSCs induces macrophages 



to adapt an enhanced regulatory phenotype via the expression 
of increased levels of interleukin-10 (IL-10) and reduced levels 
of tumor necrosis factor-a (TNF-a), IL-12, low co -stimulatory 
molecule CD86, and human leukocyte antigen class II 
molecules.^ 

Macrophages exist in ahnost all tissues and have important 
roles in the maintenance of tissue homeostasis,^ they are an 
essential component of innate immunity and have a central role 
in inflammation and host defense.^ In response to signals derived 
from microbes, damaged tissues or activated lymphocytes,'^'^ 
monocytes/macrophages undergo reprogramming, which leads 
to the emergence of a spectrum of distinct functional 
phenotypes. Mirroring the Thl/Th2 nomenclature, 
macrophages undergo two different polarization states, the 
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classically activated Ml phenotype and the alternatively activated 
M2 phenotype.^' Ml macrophages (classically activated) exert 
proinflammatory activities that have been known to be induced 
by interferon (IFN) alone or in concert with microbial stimuli 
lipopolysaccharides (LPSs) as well as cytokines such as TNF and 
granulocyte-macrophage colony-stimulating factor. IL-4 
and IL-13 were subsequently found to be more than simple 
inhibitors of macrophage activation and to induce an 
alternatively activated M2 macrophage, which are involved in 
inflammation resolution. 

In this study, we found that MSCs alternatively modulate 
the macrophage phenotype and may contribute to regenera- 
tion and immune- tolerance in injured cardiac tissue. 

MATERIALS AND METHODS 

Cytokines and reagent 

Recombinant human IL-4 and recombinant human IFN-y were 
purchased from Life Technologies (Grand Island, NY, USA), LPS was 
purchased from Sigma- Aldrich (St Louis, MO, USA), and macrophage 
colony-stimulating factor was obtained from Prospec (Rehovot, Israel). 

Animals 

Male inbred BALB/C mice, C57BL/6J mice (6-8 weeks old for 
isolation of MSCs, 8-10 weeks old for bone marrow- derived macro- 
phage (BMDM) differentiation), and Sprague-Dawley rats (aged 
8-10 weeks) were purchased from ORIENTBIO (Seong-nam, Korea). 
All experiments were performed after approval by our local ethical 
committee at Chonnam National University Medical School (CNU 
IACUC-H02011-11). 

The isolation and culturing of MSCs 

The MSCs were isolated and cultured using standard protocols. 
Bone marrow ceUs from C57BL/6 mice or rats were collected by 
flushing the femurs and tibias and were cultured with MesenPRO RS 
basal with MesenPRO RS growth supplement (Life Technologies, 
Grand Island, NY, USA), L-glutamine (Life Technologies), lOOIUml-^ 
penicillin and lOOmgml"^ streptomycin (Life Technologies). Culture 
medium was changed on day 3 to remove non-adherent ceUs. The 
medium was subsequently replaced for 4 days, and the MSCs were 
used within four passages. 

Rat model of myocardial infarction 

For myocardial infarction (MI) induction, the rats were anesthetized 
with an intramuscular injection of ketamine (50 mgkg~^ body weight) 
and xylazine (5mgkg~^ body weight), intubated and mechanically 
ventilated. The proximal left anterior descending coronary artery was 
ligated. Finally, the heart was repositioned in the chest, and the chest 
was closed. The animals remained in a supervised setting until 
becoming fully conscious. One week after MI induction, the rats 
were randomly divided into two groups: one group was injected with 
only phosphate-buffered saline (PBS; n = 5), and the other group was 
injected with MSCs (n = 4). The MSCs (5 x 10^ diluted in 100 |il of 
PBS) were directly injected into the peri-infarct area. To visualize the 
injected MSCs for immunohistochemical examination, the ceUs were 
pre-stained with DAPI (4',6-diamidino-2-phenylindole, 50)igml~^ 
Sigma- Aldrich) for 4h and washed out with PBS before injection. 
Finally, the heart was repositioned in the chest, and the chest was 
closed. The animals remained in a supervised setting until becoming 
fully conscious. 



Cardiac function measurement 

Cardiac function was assessed by echocardiography. After 2 weeks of 
MSC injection, the animals were anesthetized, intubated and 
mechanically ventilated. Echocardiographic studies were performed 
with a 15-MHz linear array transducer system (iE33 system. Philips 
Medical Systems, Amsterdam, Netherland) by an expert who was not 
aware of the experimental conditions to exclude bias. 

Immunohistochemistry 

For immunohistochemical analysis, at 7 days after MSC injection, the 
heart was harvested, fixed in formalin and embedded in a paraffin 
block. Fluorescence immunohistochemistry was performed to identify 
the injected MSCs and infiltrated macrophages in the infarct 
myocardium. 

DAPI-loaded MSCs were discovered in the peri-infarct zone, and 
double staining with CD68 (BMA Biomedicals, Augst, Switzerland) 
and arginase-1 (Argl, Abeam, Cambridge, MA, USA) was performed. 
The slides were treated with 3% hydrogen peroxide in PBS for lOmin 
at room temperature to block endogenous peroxidase activity. After 
blocking nonspecific binding with 5% normal goat serum (Sigma- 
Aldrich), the slides were incubated with primary antibodies for 18 h at 
4°C. The sections were washed with PBS three times and then 
incubated for 1 h with Alexa-Fluor 488 or 594 secondary antibodies. 
The images were detected using a Carl- Zeiss confocal microscope, and 
the images were obtained using Zeiss LSM version 3.2 SP2 software 
(Carl Zeiss, Oberkochen, Germany). Cardiac fibrosis was measured by 
Masson's Trichrome staining, and fibrotic changes were evaluated by 
measuring blue-stained fibrotic deposits using Eclipse-80i microscope 
and NIS-Elements software (Nikon, Tokyo, Japan). 

The isolation of mouse BMDMs 

BMDMs were isolated and differentiated using standard proto- 
cols. ^^'^"^ Primary macrophages were derived from bone marrow 
ceUs and were cultured for 7 days in RPMI-1640-containing 
macrophage colony- stimulating factor (lOOngml"^ R&D Systems, 
Minneapolis, MN, USA) or macrophage differentiation media (30% 
L929 ceU-conditioned medium, 20% fetal bovine serum and 50% 
RPMI-1640). L929 ceU-conditioned medium was prepared by 
growing L929 cells in RPMI-1640-containing 10% fetal bovine 
serum for 10 days. The medium containing macrophage colony- 
stimulating factor secreted by the L929 cells was harvested and passed 
through a 0.22-)im filter. 

Co-culturing of BMDMs and MSCs 

For transwell co-culturing, differentiated BMDMs were seeded into a 
six-weU plate. The next day, the 0.4-)im-pore size Corning transwell 
inserts (Sigma- Aldrich) containing 2x10^ MSCs were placed into the 
six-weU plate with the macrophages that were initially seeded. 
Co-cultures were incubated for 5, 24 or 48 h with or without 
lOOngmH LPS + 30ngmH IFN-y or IL-4 (20ngmH).i5 

Real-time polymerase chain reaction 

Overall, total RNA from BMDMs co-cultured with MSCs were 
extracted with TRIzol reagent (Life Technologies), and the RNA 
samples were converted into complementary DNA using an Applied 
Biosystems High-Capacity cDNA Reverse transcription Kit (Life 
Technologies) according to the manufacturer's instructions. Real-time 
PCR was performed using a QuantiTect SYBR Green PCR kit 
(Qiagen, Valencia, CA, USA) and Corbett Research Rotor-Gene 
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RG-3000 Real-Time PGR System (Qiagen). The primers used in the 
PGR are described in Table 1. 

Western blotting 

The cells were washed with ice-cold PBS, lysed in lysis buffer (20 mM 
Tris-HGl pH 7.4, 0.1 mM EDTA, 150 mM NaGl, ImM phenylmethyl- 
sulfonyl fluoride and 1 mg ml~^ leupeptin) on a rotation wheel for 1 h 
at 4 °G. After centrifugation at 10 000 x g for lOmin, the supernatant 
was prepared as a protein extract. Equal concentrations of proteins 
were fractionated by electrophoresis on 8% or 10% acrylamide gels 
and were transferred onto a polyvinylidene fluoride membrane 
(Millipore, Billerica, MA, USA) membrane, followed by blotting with 
antibodies against monocyte chemoattractant protein- 1 (MGP-1, 
Santa Gruz Biotech, Dallas, TX, USA), inducible nitric oxide synthase 
(iNOS, Gell Signaling Technology, Danvers, MA, USA), Argl (Gell 
Signaling Technology) and P-actin (Sigma Aldrich) followed by 
secondary staining with horseradish peroxidase-conjugated immuno- 
globulin G. Protein expression was detected using an Image Reader 
(LAS-3000 Imaging System, Fuji Photo Film, Tokyo, Japan). The 
expression level was quantified with Image J (NIH, Bethesda, MD, 
USA). 

Analysis of the enzyme-linked immunosorbent assay 

BMDMs alone or co-cultured with BM-MSGs for 24 h were incubated 
for 24h with or without LPS (100 ngmH) + IFN-y (30ngmH) or 
IL-4 (20ngml-i). The secreted IL-10, IL-6 and IL-1(3 in the super- 
natants were evaluated using an enzyme-linked immunosorbent assay 
kit (e-Bioscience, San Diego, GA, USA). 

Measurement of nitric oxide 

The nitrite accumulation in the culture media was determined as an 
indicator of nitric oxide (NO) as previously described. Briefly, the 
culture media, obtained at designated time points, were used to 
measure the amount of NO production. Gulture supernatants were 

Table 1 Primer sequences for real-time PCR analysis 



Gene 


Primer 




GAPDH 


Forward: 


5'-TGTGATGGGTGTGAACCACG-3' 




Reverse: 


5'-CAGTGAGCTTCCCGTTCACC-3' 


iNOS 


Forward: 


5'-TCACCTTCGAGGGCAGCCGA-3' 




Reverse: 


5'-TCCGTGGCAAAGCGAGCCAG-3' 


Argl 


Forward: 


5'-GATTATCGGAGCGCCTTTCT-3' 




Reverse: 


5'-CCACACTGACTCTTCCATTCTT-3' 


IL-6 


Forward: 


5'-ATCCAGTTGCCTTCTTGGGACTGA-3' 




Reverse: 


5'-TTGGATGGTCTTGGTCCTTAGCCA-3' 


IL-lp 


Forward: 


5'-GGTGTGTGACGTTCCCATTA-3' 




Reverse: 


5'-TCCTGACCACTGTTGTTTCC-3' 


MCP-1 


Forward: 


5'-CTCACCTGCTGCTACTCATTC-3' 




Reverse: 


5'-TTACGGCTCAACTTCACATTCA-3' 


CD206 


Forward: 


5'-CTGCAGATGGGTGGGTTATT-3' 




Reverse: 


5'-GGCATTGATGCTGCTGTTATG-3' 


IL-4R 


Forward: 


5'-CTAGCTCCGTGCCCTTATTTAC-3' 




Reverse: 


5'-GGTTGGCTTCTGGTGGTATT-3' 


IL-10 


Forward: 


5'-ACTGGCATGAGGATCAGCAG-3' 




Reverse: 


5'-CTCCTTGATTTCTGGGCCAT-3' 



Abbreviations: Argl, arginase-1; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; IL, interleukin; iNOS, inducible nitric oxide; MCP-1, monocyte 
chemoattractant protein-1. 



collected by centrifugation (10 000 x ^ for 5 min) and subjected to an 
assay for NO production using the Griess reagent according to the 
manufacturer's instructions (Promega, Madison, WI, USA). 



Ml + PBS 



Ml + MSG 
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DAPI-MSG GD68(+) MO Arginase-1 
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Figure 1 The identification of arginase-1 (Argl)-expressing 
macrophages in infarct myocardium, (a) Representative images 
showed that the fibrotic area was smaller in the mesenchymal stem 
cell (MSG) group compared with the phosphate-buffered saline 
(PBS) group. The left ventricular ejection fraction was better in the 
MSG group compared with the PBS group. Scale bar = 500|im. 
(b) Immunocytochemistry images of 4',6-diamidino-2-phenylindole 
(DAPI)-labeled MSGs or PBS injected in the hearts of infarct rats 
at 7 days post-cell injection. Representative images showed 
immunofluorescent staining for the macrophage marker GD68 
(green) and Argl (red) in the infarct myocardium. In the high- 
magnification view of the rectangle, Argl -expressing GD68 ( + ) 
macrophages (yellow) near DAPI-labeled MSGs (blue) were 
observed in the infarct zone. Pink arrowheads indicate injected 
MSGs; white arrowheads indicate macrophages with Argl 
expression. Scale bar = 20)am. *P<0.05, compared with each 
PBS group. LVEF, left ventricular ejection fraction. 
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Argl activity assay 

Intracellular Argl activity was assessed by measuring the amount of 
urea produced via the metabolism of L-arginine by Argl according to 
the manufacturer's directions (Quantichrome Urea Assay Kit, Bioas- 
say Systems, Hayward, CA, USA). 

Cytokine antibody array 

Culture samples were analyzed with a cytokine antibody array, 
specifically the RayBio Mouse Cytokine Antibody Array 3 (RayBio- 
tech. Inc., Norcross, GA, USA), according to the manufacturer's 
instructions. Briefly, cytokine array membranes were blocked in 2 ml 
of blocking buffer for 30 min and then incubated with 1 ml of the 
samples at room temperature for 2 h. The samples were then decanted 
from each container, and the membranes were washed three times 
with 2 ml of wash buffer I, followed by two washes with 2 ml of 1 x 
wash buffer II at room temperature with shaking. The membranes 
were then incubated in l:250-diluted biotin-conjugated primary 
antibodies at room temperature for 2h and washed as described 
above before incubation in l:1000-diluted horseradish peroxidase- 
conjugated streptavidin. After incubation in horseradish peroxidase- 
conjugated streptavidin for 1 h, the membranes were washed thor- 
oughly and exposed to a peroxidase substrate for 5 min in the dark 
before imaging. 

Statistical analysis 

All data are expressed as the mean ± s.e.m. from at least three 
independent experiments. The differences between experimental and 
control groups were analyzed with the two -tailed unpaired Student's 
f-test using SPSS (SPSS Inc., Chicago, IL, USA). A value of P<0.05 
was considered statistically significant. 



RESULTS 

Macrophages adjacent to MSCs strongly expressed Argl in 
the infarcted myocardium 

Cardiac fibrosis and function were assessed to evaluate the 
regeneration capacity of MSCs. Cardiac fibrosis was 
25.29+ 1.83% in the PBS injection group and 18.62 + 3.63% 
in the MSC injection group (P<0.05, Figure la). The left 
ventricular ejection fraction was 42.58 + 4.20% in the PBS 
injection group and 59.92 ± 3.75% in the MSC injection group 
(P<0.05, Figure la). These results showed the functional 
recovery from Mis by MSC administration. 

Heart tissues from Ml-induced rats injected with MSCs or 
PBS were analyzed by coimmunofluorescence for the macro- 
phage marker CD68 (green) and the M2 marker Argl (red) to 
identify the polarization status of macrophages. As shown in 
Figure lb, the MSCs were labeled by nuclear staining with DAPI 
before injection and were detected in the MSC-injected 
myocardium. Infiltrated CD68( + ) macrophages were primar- 
ily localized in the infarcted area (green, yellow arrows). Merged 
high-power images showed that the exclusively strong expres- 
sion of Argl was observed in CD68( + ) macrophages (white 
arrowheads) adjacent to engrafted MSCs (pink arrowheads). 
Based on this finding, we hypothesized that MSCs regulate the 
macrophage phenotype to exert beneficial outcomes. 

MSCs shifted from the Ml to the M2 phenotype in activated 
BMDMs 

To assess the effect of MSCs on the macrophage phenotype, we 
isolated bone marrow to culture MSCs or to differentiate into 
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Figure 2 The modulatory effect of mesenchymal stem cells (MSCs) on the phenotype of bone marrow-derived macrophages (BMDMs) at 
the transcriptional level, (a) Real-time PGR analyses showed that transcriptions of interleukin-6 (IL-6), IL-ip and monocyte 
chemoattractant protein-1 (MCP-1) in interferon-y (IFN-y)/lipopolysaccharide (LPS)-stimulated BMDM were inhibited by co-culturing with 
MSCs. (b) Real-time PCR analyses showed that the transcription levels of IL-10, IL-4R and CD206 were enhanced by co-culturing with 
MSCs in IL-4-stimulated BMDMs. *P<0.05, **P<0.01, ***P<0.001 compared with each BMDM group. 
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macrophages. Both the Ml and M2 markers were analyzed in 
the BMDMs. BMDMs were stimulated with IFN-y (30 ngml'^)/ 
LPS (lOOngmH) or with IL-4 (20ngmH) for 5, 24 or 48 h in 
the presence or absence of co-culturing with MSCs in the 
transweU system. Ml markers such as IL-6, IL-1(3 and MCP-1 
were expressed in IFN-y/LPS-stimulated BMDMs; however, 
their mRNA levels were significantly decreased by co-culturing 
with MSCs (Figure 2a). IL-10, IL-4R and CD206 were analyzed 
in IL-4-stimulated BMDMs as M2 markers. Their induction 
was strongly enhanced by co-culturing with MSCs within 48 h 
(Figure 2b). Then, we measured the protein levels of IL-1(3, IL-6 
and IL-10 by enzyme-linked immunosorbent assay and MCP-1 
by western blotting in activated BMDMs. IFN-y/LPS-induced 
MCP-1 and IL-6 proteins were decreased by co-culturing with 
MSCs (Figures 3a and b). Released IL-1(3 markedly increased 
but then decreased by co-culturing with MSCs (Figure 3c). In 
IL-4-activated BMDMs, IL-10 induction was enhanced in 
BMDMs co-cultured with MSCs (Figure 3d). These results 
showed that co-culturing with MSCs leads to inhibitory 



responses on Ml markers and stimulatory effects on M2 
markers. 

MSCs regulated iNOS and Argl reciprocally in activated 
BMDMs 

iNOS and Argl are known to utilize L-arginine as a common 
substrate; however, they represent the Ml and M2 pheno types, 
respectively. We analyzed the expression and function of both 
iNOS and Argl in activated BMDMs with or without 
co-culturing with MSCs. IFN-y/LPS-induced iNOS mRNA 
was remarkably decreased by co-culturing with MSCs. 
In contrast, Argl mRNA was highly induced in IFN-y/LPS- 
stimulated BMDMs co-cultured with MSCs (Figure 4a). 

Then, we examined the protein levels of iNOS and Argl in 
BMDMs by western blotting. IFN-y/LPS-induced iNOS 
protein was barely detected; however, the Argl level markedly 
increased in both IFN-y/LPS- or IL-4-stimulated BMDMs 
(Figure 4b). The expression ratio of iNOS to Argl was 
calculated and is shown in Table 2. 
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Figure 3 The modulatory effect of mesenchymal stem cells (MSCs) on the phenotype of bone marrow-derived macrophages (BMDMs) at 
the translational level, (a) The protein level of MCP-1 was measured by western blotting and was reduced by co-culturing with MSCs at 5, 
24 and 48 h. Released interleukin-6 (IL-6; b), IL-ip (c) and IL-10 (d) were measured by an enzyme-linked immunosorbent assay (ELISA) 
at 5, 24 and 48 h. Co-culturing with MSCs inhibited the release of both IL-6 and IL-ip in interferon-y (IFN-y)/lipopolysaccharide (LPS)- 
stimulated BMDMs. In contrast, IL-10 release was enhanced by MSC co-culturing in IL-4-stimulated BMDMs. The relative density 
of bands was measured and was presented as graphs. *P<0.05, **P<0.01, ***P<0.001 compared with each BMDM group. 
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Figure 4 Mesenchymal stem cell (MSG) co-culturing skewed the bone marrow-derived macrophage (BMDM) phenotype to Ml by 
elevating the ratio of inducible nitric oxide (iNOS) to arginase-1 (Argl). The iNOS mRNA level decreased; however, the Arg-1 level 
remarkably increased in BMDMs co-cultured with MSCs (a). Intracellular iNOS and Argl protein levels were evaluated by western 
blotting. The protein expression pattern was similar to mRNA pattern (b). In addition to quantitative changes, iNOS (c) and Argl (d) 
enzyme activities were assessed. iNOS activity was reduced in BMDMs, whereas Argl activity increased in BMDMs co-cultured with 
MSCs. The relative density of the bands was measured and was presented as graphs. *P<0.05, **P<0.01, ***P<0.001 compared with 
each BMDM group. 



Next, the enzymatic activities of iNOS and Argl were 
analyzed to confirm the authentic efiect of MSCs on the 
iNOS/ Argl ratio. iNOS is primarily responsible for NO 
generation in macrophages, and NO was measured in 
activated BMDMs. IFN-y/LPS-induced NO production was 
significantly inhibited in BMDMs by co-culturing with MSCs 
(Figure 4c). In contrast, Argl activity was enhanced both in 



IFN-y/LPS- and IL-4-stimulated BMDMs co-cultured with 
MSCs (Figure 4d). 

MSCs suppressed inflammatory cytokines and enhanced 
anti-inflammatory cytokines 

Our results show that MSCs switch macrophages from the Ml 
phenotype to the M2 phenotype. In addition, MSC-mediated 
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immune-regulation in a transwell cell culture system primarily 
acted through the secretion of soluble molecules that are 
downregulated or induced following cross- talk with macro- 
phages. To examine the responsible soluble factors, we arrayed 
the inflammation-related cytokines. Antibody arrays showed 
the differences in the secretion of a panel of inflammation- 
Table 2 The ratio of iNOS to Argl in IFN-y/LPS-stimulated 
BMDMs with or without co-culturing with MSCs 



5/7 



24 h 



48 h 



mRNA 
BMDM 

BMDM + MSC 

Protein 
BMDM 

BMDM + MSC 



10.78±4.50 
1.38±0.59** 



25.50±1.90 
16.71 ±2.38* 



34.45±7.34 6.35±2.31 
0.18 ±0.28*** 0.30 ±0.62* 



22.50±1.87 
0.51 ±1.97*** 



23.50±1.42 
0.80 ±2.24*** 



Abbreviations: Argl, arginase-l; BIVIDIVI, bone marrow-derived macrophage; 
IFN-y, interferon-y; iNOS, inducible nitric oxide; LPS, lipopolysaccharide; 
MSG, mesenchymal stem cell. 
BMDMs co-cultured with MSCs. 

*P<0.05, **P<0.01, ***P<0.001 compared with each BMDM group. 
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related cytokines and chemokines in BMDMs after 24 h of 
stimulation with IFN-y/LPS (Figure 5a). 

The secretion of IL-6, IL-12, MCP-1, macrophage inflam- 
matory protein- la, soluble TNF receptor I (sTNF-RI) and 
sTNF-RII was all reduced; however, the secretion of soluble 
LIX 1 was increased in BMDMs co-cultured with MSCs 
compared with BMDMs not co-cultured with MSCs 
(Figure 5b). 

DISCUSSION 

In this study, we investigated the role of MSCs in regulating 
the phenotypes in activated macrophages and found that 
MSCs preferentially polarized macrophages to the M2 anti- 
inflammatory phenotype. 

Circulating monocytes travel to the injured myocardium 
where they differentiate and contribute to various parts of the 
healing process. Macrophages are central mediators of the 
inflammatory response, contributing both to the initiation and 
the resolution of inflammation. Monocytes and macrophages 
infiltrate injured tissue in large numbers early after ischemia^ 
and participate in tissue repair. Macrophages undergo classical 
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Figure 5 Inflammation-related cytokine secretions from bone marrow-derived macrophages (BMDMs) were analyzed by protein array, 
(a) Supernatants from interferon-y (IFN-y)/lipopolysaccharide (LPS)-activated BMDMs with or without co-culturing with mesenchymal stem 
cells (MSCs) were assayed to determine the cytokine levels. The BMDMs were cultured for 24 h with IFN-y/LPS in the presence or 
absence of MSG co-culturing, and the resulting culture supernatants were analyzed by cytokine protein array. The image of the spot signal 
on the membrane because of each cytokine is shown, (b) The relative density of spots was measured and was presented as graphs. 
**P<0.01, ***P<0.001 compared with each BMDM group. 
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activation (pro-inflammatory Ml) or alternative activation 
(anti- inflammatory M2) in response to various signals and 
have characteristic markers and cytokine profiles. ^^'^^ 
Nahrendorf et al investigated the function of macrophages in 
heart repair. ^^"^^ They showed that two subsets of macrophages, 
pro-inflammatory Ly-6C^^8^ and anti-inflammatory Ly-6C^^^ 
cells, localized to area MI to participate in cardiac healing and 
to the nonischemic remote myocardium to be participate in the 
remodeling process after MI. 

Several reports suggest the immune engagement may be 
involved in cardiac regeneration via cellular interaction 
between MSCs and macrophages. A recent study reported 
that MSG survival increased when the cells were exposed to 
M2 macrophages compared with Ml macrophages.^ Adipose 
tissue-derived MSCs were reported to release IL-10, vascular 
endothelial growth factor and M2 inducers such as IL-4 and 
IL-13 when they were co-cultured with macrophages.^^ Our 
previous report showed that MSG injection into infarct ed 
myocardium significantly attenuated inflammation during 
functional recovery.^^ 

We observed high expression of Argl in macrophages next 
to engrafted MSCs in infarcted myocardium compared with 
PBS-injected myocardium (Figure lb). We discovered that the 
modulatory action of MSCs on macrophages accelerated the 
healing process in injured tissue. The data presented in this 
report show that the macrophage phenotype shifted from Ml 
to M2 in the presence of MSCs based on mRNA, protein and 
enzyme activity assays. Co-culturing with MSCs leads to 
distinct responses to both IFN-y/LPS-induced Ml mediators 
and to IL-4-induced M2 mediators in activated BMDMs. 

Ml macrophages express high levels of iNOS that compete 
with Argl for L-arginine, the common substrate of both 
enzymes. iNOS converts L-arginine to NO, competing with 
Argl, which converts NO into urea and ornithine. By 
inhibiting iNOS, Argl may promote the M2 phenotype and 
contributes to the suppression of the Ml phenotype. Our data 
show the opposite contribution of the two enzymes, iNOS and 
Argl, in activated BMDMs. As shown in Figure 4 and Table 2, 
the ratio of iNOS to Argl decreased radically by co-culturing 
with MSCs. Specifically, MSCs inhibited both iNOS expression 
and activity but increased Argl expression with its activity. The 
differential effects of macrophage populations may have 
implications for the pathogenesis and regeneration of various 
diseases. 

To explore the soluble mediators responsible for interactions 
between MSCs and BMDMs, the cytokine array was per- 
formed (Figure 5). In BMDM-cultured media, IL-12, IL-6, 
MCP-1, macrophage inflammatory protein- la, sTNF-RI and 
sTNF-RII were reduced; however, LIX was increased by 
co-culturing with MSCs. IL-12 stimulates T-cell growth and 
induces the production of IFN-y and TNF-oc from T and 
natural killer cells and reduces the IL-4-mediated suppression 
of IFN-y.^^ IL-6 and MCP-1 showed significant reduction as 
demonstrated in Figures 2 and 3. Macrophage inflammatory 
protein- la, also known as chemokine (C-C motif) ligand 3, is 
an inflammatory chemokine and is involved in atherosclerotic 



lesion formation with an acute inflammatory state.^^ sTNF-Rs, 
which are pro -inflammatory cytokines, have an affinity for 
TNF and compete with membrane -bound TNF-Rs to bind the 
ligand. They contribute to a counter- regulatory response to 
excessive TNF activity.^^ LIX is known as a C-X-C motif 
chemokine 5 (CCL5) and as RNATES (regulated on activation, 
normal T-ceU expressed and secreted). LIX is a chemotactic 
cytokine involved in recruiting leukocytes into inflammatory 
lesions.^'^ 

The present report demonstrates the regulation of the 
balance between Ml and M2 in macrophages by MSCs may 
result in a favorable environment to accommodate therapeutic 
MSCs. 
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